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PRELIMINARY EFFICACY OF TOOTH MOVEMENT IN CLARITY 
ALIGNERS 
NOAH WARSHAWSKY 
ABSTRACT  
The newly emerging Clarity™ Clear Aligner System from 3M has set out to address 
one of the biggest pitfalls of thermoplastic aligners: accuracy of orthodontic movements. 
The 3M Clarity™ Clear Aligner System is unique among clear aligners because it 
employs a proprietary, sophisticated machine-learning algorithm to design orthodontic 
movement schematics. The core of the Clarity™ Aligner System is artificial intelligence, 
meaning that a prospective analysis of preliminary data is essential for the development 
and improvement of the accuracy of the algorithm. This study investigates movement and 
accuracy of the Clarity™ Aligner System, from a preliminary data subset from ongoing 
prospective, randomized clinical trials. Movement from the first trial subset is examined 
in terms of the following movement factors: secondary premolar-secondary premolar 
(5+5 in the Palmer system) arch expansion or crowding resolved, absolute rotation, 
absolute mesial-distal tipping, and absolute torque for both the crown and root. These 
movements are further examined according to specific tooth types.  
 Both actual observational orthodontic movements and theoretical movements are 
designed by the Clarity™ System. The accuracy of actual movement in terms of 
theoretical movements is calculated; however, it is impossible to calculate the 
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significance of these accuracies due to a complete lack of benchmark movement values 
for the clear aligner market. There are no benchmark values to compare to, so orthodontic 
movements will be critically examined for performance, and casually compared to 
alternative aligner systems. Identifying potential weaknesses in the Clarity™ Aligner 
System is imperative for maximizing its effectiveness.   
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INTRODUCTION  
  The Information Age has characterized this century with rapid growth of the 
technology, and the internet. Everything from music to surgery has been significantly 
affected by the Digital Revolution, and continues to progress, often faster than people are 
ready for. The internet and digitization have dramatically changed dentistry arguably 
more in the last twenty years than ever before. An extension of this phenomenon is the 
recent emergence and dominance of “Digital Dentistry”, which facilitates the innovation 
and implementation of novel technologies to maximize practice efficacy and efficiency. 
For this reason, orthodontics has been consistently at the forefront of progress and 
implementation of cutting-edge technological advancements. In addition to technological 
development, digitization has caused a paradigm shift towards patient-centric dental care, 
in which treatment plans are created at the discretion of a patient. One such technology 
that has benefitted from these trends in digital dentistry is clear aligner therapy (CAT). 
Education of digital-savvy consumers and digitization are responsible for the success of 
the oldest and largest CAT provider, Align Technology (Livas et al., 2018). The appeal of 
a self-retentive, removable, and cosmetic alternative to braces became quickly 
widespread. Since the nineties, patient-centric treatment planning has caused clear 
aligners to become one of the fastest growing dental industries, with Align Technology 
having treated over four and half million patients (Livas et al. 2018).Despite Align 
Technology’s invention and experience with clear aligners, it has become clear that there 
is room for multiple players in the market. The virtual monopoly of clear aligners and 
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new advances in technology have put the market on the cusp of a turning point. Many 
clear aligner brands believe that a technological advancement could divert Invisalign’s 
monopoly towards a more advanced, convenient, and efficient product, which are the 
driving forces behind much of the patient-centric tech development. Recent technological 
advancements in intraoral scanning, 3D printing, rendering, and artificial intelligence, 
have been used by the clear aligner market, and will continue to change it (Krieger et al., 
2012). While the market undergoes such a dramatic change, an opportunity arises for a 
new player to revolutionize the clear aligner market through technology. Many start-ups 
struggle with establishment and capital in a monopolized market, so when 3M, a 
multibillion dollar conglomerate, entered it earlier this year, many heads turned (3M 
Science Applied to Life, N.D.). 3M is one top three dental product suppliers, and has a 
long history of experience in material sciences and plastics engineering. The combination 
of existing capital, materials experience, distribution network, sales force, and customer 
base positions 3M perfectly for seize a large share of the market in the near future. As 
such, it is important to investigate the Clarity™ aligner system. 
With the information age, patients have become more educated, and often times 
know what they want prior to an initial appointment with an orthodontist. In a modern 
dental office, it is now expected that the doctor will focus on patient centric treatment 
planning, meaning utilization of mechanics specific to a patient’s needs. This has been 
one of the driving factors behind the explosive growth of the clear aligner industry. A 
positive patient experience has been one of the hallmark traits associated with clear 
aligners because of appointment time reduction, less gingiva irritation, and lower pain 
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averages (Hussain et al, 2017). Evidence states that patients receiving [Invisalign] 
treatment experience more satisfaction and higher approval ratings than other Fixed 
Orthodontic Appliances (FOA) (Azaripour et al, 2015). Studies also support the claim 
that that clear-aligners result in better gingival health in comparison to fixed-appliances, 
because the can be removed (Table 1) (Lu et al, 2018). 
 
Table 1. Subjective Data of Patients with Fixed Orthodontic Appliance or 
Invisalign– The survey of subjective data illustrates that Invisalign has a significant 
decrease in gingiva irritation and lack of satisfaction. (Table from Azaripour et al, 2015) 
 
 
 
 
 
Patient experience can also be affected by the implementation of digital 
technology. A “digital workflow”, which is defined by the digitization of most steps, has 
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caused improvements to most, if not all steps in the process of orthodontic treatment 
planning. What used to take 4 hours between two to three appointments and a full-bracket 
bonding, now can be condensed into a single one hour-long appointment. This is the 
claim to fame for some of the newer clear aligners. A simple intraoral scan suddenly can 
turn into treatment planning, which turns into the orthodontist 3D printing the model, and 
creating the aligners, all in house under an hour (3M Science Applied to Life, N.D.).  
Thermoplastic orthodontic aligners, or clear aligners, cause retention and 
movement based on the concept that the plastic wraps the teeth, adhering to the buccal, 
lingual/palatal and occlusal surfaces in a specific arrangement. All aligners are designed 
using the principle of “calculated misfit”, which applied gradual force on teeth until a 
specific oral conformation is achieved. Through a sequence of prescribed aligners, these 
incremental forces yield significant tooth movement. The number of stages, movements, 
and stage length can vary based on the patient, but it is standard practice is to prescribe 
each phase for approximately two weeks (Drake et al, 2012).  Expansion of the teeth, 
interproximal reduction of the interproximal surfaces of the teeth, and distalization of the 
posterior teeth are just some of the methods used for the resolution of crowding and 
malocclusion. 
The new Clarity™ Aligner System is similar to many clear aligners in mechanics, 
however, it stands out from its peers through application of technology (3M Science 
Applied to Life, n.d.). The Clarity™ Aligner System attempts to resolve the pitfalls of 
traditional clear aligners though its usage of a machine-learning algorithm to design 
orthodontic movements. Its artificial intellect allows for it to learn from every treatment 
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case it plans, and it is constantly developing. Due to the fact that the product and software 
are still under development, evaluation of its performance in clinical trial cases is 
important for compensatory augmentation of the algorithm. Identification of weaknesses 
in certain movement designs via the OCP software would increase its accuracy in the 
long run for those movements, and teaches it fundamental mechanics of clear aligner 
therapy.
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OBJECTIVES  
 The purpose of this study is to evaluate the accuracy of the 3M ClarityTM aligner 
system through its actual movement in terms of its projected movements. The accuracy of 
the system will be evaluated per tooth by assessing torque, tip, angulation, space closure, 
and bodily tooth movement in a three dimensional environment. Overall control of 
general tooth movement will be evaluated on a percentage basis from the originally 
projected movements. The following types of movement are examined: bodily movement 
and crowding/expansion resolved (molar to molar, molars excluded, or 5+5 in the Palmer 
notation system), absolute rotation, absolute medial-distal tipping, absolute root torque, 
absolute crown torque. Each kind of movement will be examined for each kind of tooth 
involved.  
After the values are obtained and measured for each of the preceding movement 
types, they will be compared to the corresponding values that the algorithm predicts. The 
difference in the achieved versus the predicted values will be assessed for accuracy in an 
attempt to visualize the patterns that were observed in this clinical trial. It is impossible to 
mathematically analyze movement accuracy; however, trends are identified and 
thoroughly discussed in terms of clinical significance. Ideally, trends in accuracies should 
identify specific strengths and weaknesses of the beta-stage prediction algorithm for 
compensatory augmentation of it. In addition, it will help elucidate the general mechanics 
of clear aligner therapy, and improve its planning. 
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METHODOLOGY 
A survey was given out randomly to patients at two separate orthodontic offices to 
determine eligibility of patients for a prospective randomized clinical trial. Ineligible 
participants were ruled out of the potential subject pool if they had any of the following 
complications: active caries, autoimmune disease(s), osteoporosis, active bisphosphonate 
prescriptions, a history or a necessity for orthognathic or craniofacial surgery, mixed 
dentition, a residence of unreasonable distance to treatment-site, and willingness to 
participate in the trials.  
The dataset being examined in this thesis is a subset of data that is part of an 
ongoing prospective observational study, which was approved through the Western 
International Review Board (WIRB). The cohort study contains 67 subjects, through two 
separate private practices in the cities of Chicago, Illinois and New York City, New York. 
Subjects for the clinical trial were invited to participate in the clinical study between the 
time of Date November 1, 2015 and the present.  
The subset of examined data encompasses the data from 22 subjects that had 
reached treatment completion by the following cutoff date: April 1, 2018. Out of the 22 
subjects examined in the data subset, n1=18 subjects were treated at facility 1 (F1) in 
Chicago, and n2=4 subjects received treatment at the alternate facility (F2) in New York 
City. Subjects were required to receive active treatment for a minimum of 2 weeks in 
order to be classified as clinically significant cases. In exchange for participation in the 
trial, subjects were provided with complimentary orthodontic treatment. 
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Subjects that participated in the trials received an instructional manual regarding 
the Clarity™ Aligner System which encompassed all relevant information regarding the 
trials, and were required to sign an informed-consent contract for participation in the 
study. The EFU (Treatment Advisory Pamphlet) provided subjects with information 
regarding precautions, instructions, information, appliance maintenance, oral hygiene 
maintenance, product specifications, and other relevant information regarding the 
product. During the course of the clinical trial, subjects were only treated with the 3M 
Clarity™ Aligner System. During the duration of the trail, all additional augmentative 
procedures for expediting treatment or alternative procedures were explicitly prohibited 
for trial inclusion.  Participation in the study required subjects to be compliant with 
treatment, which entailed wearing the ClarityTM aligners for a minimum of 22 hours per 
day. Each aligner is marked with its respective phase number, which proceeds in a 
sequential numerical order. Each subject returned to their respective treatment facility 
every 6 weeks for routine check-ups, during which the following was provided: three 
aligners, chairside oral scans, and diagnostics for evaluation of treatment progress.  Any 
kind of violation in qualification, participation, compliance, etc., resulted in subject-
specific-trial data being excluded from statistical analysis.  
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Treatment methodology 
Prior to treatment, the following preliminary records were required to be measured or 
catalogued:  
 A comprehensive survey from the initial appointment  
 A Panorex X-ray which was cut out of the full-size volumetric image from a 
conebeam scan (see Figure 1) 
 3D chair-side intraoral scan (Itero, 3M Tru Definition scanner) (see Figure 2) 
 A composite image created from extra-oral (Right profile, Facial Relaxed, and 
Facial smiling) and intra-oral photographs (right and left buccal view via a mirror, 
anterior view, and upper and lower occlusal shots done with a mirror) (see Figure 
3) 
 
Figure 1. Conebeam derived Panorex X-ray– Panorex X-Rays were taken directly 
from entire 3d conebeam files in the (Figure from Warshawsky, 2018)  
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Figure 2. 3D chair-side oral scan of subject oral cavity– intraoral scans were taken 
with the 3M Tru Definition scanner, and then rendered as 3D images in the software 
Itero. 3D models were post-processed for maximum compatibility and error-reduction. 
(Figure from Warshawsky, 2018)  
 
 
Figure 3. Composite Image of subject oral profile– Each composite image comprised 
of 3 extraoral and 5 intraoral photographs. Extra-oral photographs consisted of: right 
profile, facial relaxed, facial smiling. Intra-oral photographs consisted of the following:  
reflected right and left buccal profiles, anterior oral view, and upper and lower occlusal 
profiles. Photographs were taken with a 100mm macro lens for optimal resolution. 
Photographs combined in Ortho 2 software. (Figure from Warshawsky, 2018)  
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In addition, 3M Tru Definition intraoral scanners were used to measure the 3D 
orientation of the oral cavity as stereolithographic (STL) files. The STL files were paired 
to the relevant subjects, then anonymized and saved to a HIPAA-compliant, secure cloud-
based data-storage-platform referred to as the 3M™ Oral Care Platform (OCP). Through 
a combination of the STL files with a prescription directive written by the investigator, a 
unique treatment design for each participant was created. The sequentially staged 
partitions were designed with 3M’s proprietary limitations and parameters for orthodontic 
movement. It is assumed that 3M’s proprietary incremental limits are comparable to 
industry standards.  
The study followed the progressive orthodontic movements over time via a 
proprietary overlay system. With 3M’s proprietary schematic software, a best-fit overlay 
would superimpose the actual and theoretical positions of the teeth, allowing for accurate 
measurements (see Figure. 4). The accuracy for orthodontic movement variables is 
defined by the actual movement in terms of the theoretical movement.  
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Figure 4. Superimposition of actual vs. ideal tooth position in lower occlusal– The 
actual orientation of the oral cavity is recorded via intraoral scan and rendered as the 
white teeth in the 3D via the 3M OCP. The ideal final position, which is illustrated in 
turquoise, was determined prior to segmentation, and is superimposed onto the actual 
orientation. Differences between the actual and final positioning can then be measured. 
(Figure from from Warshawsky, 2018)  
 
 
The initial STL files are uploaded to the cloud-based 3M Oral Care Platform™ 
which governs Clarity™. The Oral Care Platform™ is unique due to its ability to employ 
a proprietary algorithm which integrates patient files, records, and data, with an 
investigator prescription to govern the tooth movement baseline. The investigator, 
technician, and engineers work together to design the ideal 3D orientation of a subject’s 
teeth. The staged treatment plan would be critically reviewed, and once the investigator 
approves the positioning of the end-stage arches, the algorithm partitions and segments 
multistage movements based on the investigator’s specifications. Once the aligners are 
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virtually created, then a subject’s aligners would be ready for manufacturing, processing, 
and delivery.  
Methodology of Manufacturing 
Every staged-model for patient tooth movement was produced in a single batch, at 
a single manufacturing facility. The models were 3D printed using a proprietary 
procedure that employs Digital Light Projection (DLP) technology. After printing, a 
proprietary layered film of 0.7mm thick thermoplastic was applied to each model through 
a standardized heated vacuum process. Melted material is blown down onto models 
approximately 17mm in height to minimize the draw on the plastic and prevent the 
thinning of the aligners.   
The final plastic aligners cool for 30 seconds and are separated from their 
respective models. Computerized equipment automatically trim the aligners 
approximately 1mm below the cementoenamel junction (CEJ) of the teeth in a linear 
fashion to optimize movement retention and patient comfort. Each aligner is then 
polished, sterilized, and labeled/anonymized; upper and lower aligners are packaged 
together by sequential stage. Aligners were shipped to the respective clinic the subject 
would receive treatment at. After the initial appointments, subjects would advance stages 
every 2-3 weeks or as prescribed, and had checkups with the investigating orthodontist 
and technician every 6 weeks. At each checkup, the following were taken: a chairside-
intraoral scan, an aligner visual integrity test, intraoral and extraoral composite photos. At 
each appointment, the next three stages of aligners would be given to the subject if the 
positioning of the oral cavity was deemed acceptable. In addition, during each 
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appointment, a survey was filled out by the investigator to describe: the actual fit of the 
appliance, patient’s perception of aligner fit, aligner breakages, trim line, patient 
experience, patient compliance, and patient discomfort.   
If at any point, the fit of an aligner was deemed unacceptable by an investigator, 
recent records would have been utilized to redesign and rebuild the aligner stages to take 
the patient to completion. If such an event were to have happened, these measures would 
have been simply a correction of an error in the manufacturing process. Out of the 22 
subjects examined in this data subset, there were no cases of reevaluation. Upon 
completion of the treatment, diagnostics would be recorded, and the investigator 
delivered a removable retention device, which was to be worn for a minimum of 2 weeks.  
Data Analysis 
Data from the subjects was recorded in a blind manner, and was unavailable to the 
investigators until it was anonymized. All data from the clinical trials was recorded into 
the OCP, which was later exported to Excel (Microsoft) for rudimentary analysis. To 
measure the achieved progress at a stage, the achieved/actual model was superimposed 
over the theoretical model using a “best-fit overlay”. The software built into the 3M Oral 
Care Platform™ was able to measure the movement from the difference of the actual 
value from its theoretical value.  
Accuracy of observed values in terms of theoretical values was defined as a 
percentage through the following equation:  
(Actual-theoretical)/theoretical*100= % accuracy of CAT movement 
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All accuracy values for specific movements were averaged together by tooth type, 
except for bodily movement, which was an average of all teeth examined. It is imperative 
to note that although accuracies were calculated by movement type, the significance of 
movements and accuracies were not analyzed. The significance of CAT movement 
accuracy is impossible to calculate, due to a lack of standard benchmarks for CAT 
movements, and lack of standards for movement. In addition, a proper mathematical 
comparison of movement accuracies to another clear aligner is impossible (see 
discussion). Due to this impasse, movements and movement accuracies from this subset 
of the Clarity™ clinical trials are casually examined for clinical correlations, and 
evaluated in terms of ideal accuracies. Although mathematical analysis is impossible, 
identifying potential weaknesses in the Clarity™ Aligner System is imperative for 
maximizing its effectiveness. 
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RESULTS  
The 22 subjects represented in this study are a subset of ongoing clinical trials 
conducted at two US orthodontic practices at the time of dataset cut-off.  These 22 
subjects had started treatment between February 2017 and August 2017.  All 22 subjects 
had completed orthodontic treatment by June 2018. The first subset of the subject 
population consisted of 18 females and 4 males with median age of 33 years (ranging 
from 14 to 58 years). There were 13 and 9 cases of Class I and Class II malocclusions, 
respectively.  There was only 1 case of cross-bite, 6 cases presented with 1-2mm of open 
bite, 11 cases had a 1-2 mm deep bite and 1 case had 3 mm deep bite at start of treatment. 
Nine cases had no previous orthodontic history.  All subjects had both arches treated with 
clear aligners.  Treatment lasted for a median of 36 weeks (18-62 week range) with a 
median of 18 aligner sets being used (10-42 set range).   
Bodily movement was observed and planned for 22 cases, with 22 upper arches, 
and 21 lower arches due to an exclusion. The average of all bodily movement was used 
to create a value that described the upper and lower arches for all cases. The accuracy of 
observed 5+5 bodily movement in terms of planned was calculated.   
A total of 609 teeth were examined for rotation and tipping (Tables 3 and 4), and 
656 teeth were examined for root torque and crown torque (Tables 5 and 6). No subjects 
in the data subset required refinement, and all 22 subjects reached successful completion 
of the preliminary trials.  
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Table 2. 5+5 Arch Crowding Resolution or Expansion– 5+5 
bodily movement was observed and planned for 22 cases, with 22 
upper arches, and 21 lower arches due to an exclusion. All case 
bodily movement was averaged together to create an overall trend 
of bodily movement for both upper and lower arches. The 
accuracy of observed 5+5 bodily movement in terms of planned 
was calculated.   
 
   
Arch 
5+5 Arch Crowding Resolution or Arch Expansion Observed (mm) 
Arch % 
Accuracy N Mean Std Median Min Max 
Upper 22 0.25 0.754 0.3 -1.4 1.9 Upper 54.34 
Lower 21 0.12 0.537 0.1 -1 1.2 Lower 40 
All 43 0.19 0.653 0.1 -1.4 1.9 All 50 
Arch 
5+5 Arch Crowding Resolution or Arch Expansion Planned (mm)   
N Mean Std Median Min Max   
Upper 22 0.46 2.128 0.7 -7.4 3.5   
Lower 21 0.3 0.86 0.3 -2.6 1.8   
All 43 0.38 1.619 0.5 -7.4 3.5   
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Table 3. Absolute Rotational Movement – observed and planned 
absolute rotation was measured for 22 cases. In addition, the 
accuracy of actual rotational movement in terms of its planned 
rotation was calculated. Rotation was divided by tooth type. 
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Table 3. Absolute Rotational Movement– observed and planned 
absolute rotation was measured for 22 cases. In addition, the 
accuracy of actual rotational movement in terms of its planned 
rotation was calculated. Rotation was divided by tooth type.  
   
Tooth 
Category 
Absolute Observed Rotation Movement (degrees) Tooth 
Category 
% 
Accuracy N Mean Std Median Min Max 
Upper 
Central 
Incisor 
44 2.59 3.195 1.7 0 16.1 
Upper 
Central 
Incisor 43.589 
Upper 
Lateral 
Incisor 
44 3.15 3.167 1.8 0.1 12.2 
Upper 
Lateral 
Incisor 43.872 
Upper 
Cuspid 44 2.35 2.352 1.9 0 9.8 
Upper 
Cuspid 36.098 
Upper 
Bicuspid 81 2.46 2.329 1.7 0 13.8 
Upper 
Bicuspid 41.068 
Lower 
Incisors 88 3.56 3.442 2.5 0 20.4 
Lower 
Incisors 61.168 
Lower 
Cuspid 44 3.37 3.425 2 0 15.5 
Lower 
Cuspid 44.052 
Lower 
Bicuspid 83 2.23 2.376 1.5 0 13.4 
Lower 
Bicuspid 35.341 
Molars 181 1.29 1.573 0.8 0 12.5 Molars 37.719 
All 609 2.36 2.688 1.4 0 20.4 All 43.382 
Tooth 
Category 
Absolute Planned Rotation Movement (degrees)   
N Mean Std Median Min Max   
Upper 
Central 
Incisor 
44 5.25 5.14 3.9 0 23.2 
  
Upper 
Lateral 
Incisor 
44 7.18 6.483 5 0 26.1 
  
Upper 
Cuspid 44 6.51 5.719 5.3 0 24.3   
Upper 
Bicuspid 81 5.99 5.411 5.2 0 22.4   
Lower 
Incisors 88 5.82 5.3 5.2 0 24.8   
Lower 
Cuspid 44 7.65 7.805 5.8 0 35.5   
Lower 
Bicuspid 83 6.31 6.446 3.9 0 28.2  
 
 
Molars 181 3.42 4.79 1.9 0 31.5   
All 609 5.44 5.811 3.9 0 35.5   
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Table 4. Absolute Mesial-Distal Tipping Movements –  
observed and planned absolute mesial-distal tipping was measured for 22 cases.  
In addition, the accuracy of actual movement in terms of planned values  
was calculated. Mesial-distal tipping was divided by tooth type. 
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Table 4. Absolute Mesial-Distal Tipping Movements– observed 
and planned absolute mesial-distal tipping was measured for 22 
cases. In addition, the accuracy of actual movement in terms of 
planned values was calculated. Mesial-distal tipping was divided by 
tooth type. 
 
Tooth 
Category 
Absolute Observed Tipping Movement (degrees) Tooth 
Category 
% 
Accuracy N Mean Std Median Min Max 
Upper 
Central 
Incisor 
44 1.92 1.842 1.4 0 8.3 
Upper 
Central 
Incisor 66.667 
Upper 
Lateral 
Incisor 
44 2.5 2.736 1.8 0.1 15.6 
Upper 
Lateral 
Incisor 61.728 
Upper 
Cuspid 44 1.56 1.703 1.1 0 10.4 
Upper 
Cuspid 30.528 
Upper 
Bicuspid 81 1.47 1.147 1.2 0 5.4 
Upper 
Bicuspid 30.625 
Lower 
Incisors 88 1.88 1.703 1.4 0 8.4 
Lower 
Incisors 52.078 
Lower 
Cuspid 44 2.58 3.358 1.5 0 16.6 
Lower 
Cuspid 48.224 
Lower 
Bicuspid 83 1.73 1.625 1.3 0 8.1 
Lower 
Bicuspid 43.577 
Molars 181 1.44 1.655 0.9 0 8.5 Molars 67.289 
All 609 1.75 1.914 1.2 0 16.6 All 48.883 
Tooth 
Category 
Absolute Planned Tipping Movement (degrees)   
N Mean Std Median Min Max   
Upper 
Central 
Incisor 
44 2.7 2.291 2.1 0 10.8 
  
Upper 
Lateral 
Incisor 
44 4.05 3.951 3.6 0 16.2 
  
Upper 
Cuspid 44 5.11 5.261 3.7 0 23   
Upper 
Bicuspid 81 4.8 3.854 4.8 0 16.8   
Lower 
Incisors 88 3.61 3.906 2.7 0 19.3   
Lower 
Cuspid 44 5.35 7.275 3.1 0 35.6   
Lower 
Bicuspid 83 3.97 3.824 2.6 0 16.2   
Molars 181 2.14 3.492 0 0 19.8   
All 609 3.58 4.266 2.4 0 35.6   
  
2
0
 
Table 5. Absolute Root Torque Movement– observed and planned absolute root torque was calculated for 22 cases. In 
addition, the accuracy of the actual root torque in terms of its planned value was calculated. Root torque was approximated 
based on an estimation of the location of the tooth root. Root torque was divided by tooth type. 
Torque Type - 
Tooth Category 
Absolute Torque Movement Observed (degrees) Absolute Torque Movement Planned (degrees) Tooth 
type 
% 
Accuracy N Mean Std Median Min Max N Mean Std Median Min Max 
Root 
Upper 
Central 
Incisor 
42 2.25 1.707 2.2 0.1 7.4 33 5.1 3.752 4.1 0.5 17.5 
Upper 
Central 
Incisor 44.11765 
Upper 
Lateral 
Incisor 
43 2.71 2.239 2.4 0 10.1 42 4.92 4.108 3.8 0 16.5 
Upper 
Lateral 
Incisor 55.0813 
Upper 
Cuspid 
44 1.9 1.759 1.6 0.1 9.9 42 6.01 3.716 6 0 14 
Upper 
Cuspid 31.61398 
Upper 
Bicuspid 
82 2.07 2.14 1.6 0 12.6 76 4.26 3.805 3.6 0 17 
Upper 
Bicuspid 48.59155 
Lower 
Incisors 
83 3.23 2.672 2.8 0.1 14.6 81 6.8 4.784 5.8 0 16.7 
Lower 
Incisors 47.5 
Lower 
Cuspid 
45 2.77 2.424 2.2 0.2 11 42 8.06 5.806 6.7 0 22.4 
Lower 
Cuspid 34.36725 
Lower 
Bicuspid 
82 3.21 3.314 1.8 0 17.3 84 10.68 7.55 9.3 0 31 
Lower 
Bicuspid 30.05618 
Molars 160 1.39 1.079 1.1 0 4.7 111 4.94 4.601 4 0 25.1 Molars 28.13765 
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Table 6. Absolute Crown Torque Movement– observed and planned absolute crown torque was calculated for 22 cases. In 
addition, the accuracy of the actual crown torque in terms of its planned value was calculated. Crown torque was divided by 
tooth type. In addition, the average torque for all teeth was calculated. 
All Crown + 
Root Torque 
Teeth 
Absolute Torque Movement Observed 
(degrees) 
Absolute Torque Movement Planned 
(degrees) Tooth 
type % 
Accuracy N Mean Std Median Min Max N Mean Std Median Min Max 
Crown 
Upper 
Central 
Incisor 
8 0.66 0.623 0.4 0.1 1.8 15 3.39 3.716 2.2 0 12.8 
Upper 
Central 
Incisor 19.46903 
Upper 
Lateral 
Incisor 
7 0.39 0.414 0.2 0.1 1.2 6 3.08 2.316 3.3 0 5.9 
Upper 
Lateral 
Incisor 12.66234 
Upper 
Cuspid 
6 0.85 0.74 0.6 0.1 1.9 8 3.35 3.116 2.2 0.4 10 
Upper 
Cuspid 25.37313 
Upper 
Bicuspid 
7 0.53 0.541 0.3 0.1 1.4 12 2.12 2.486 1 0 7.4 
Upper 
Bicuspid 25 
Lower 
Incisors 
13 0.71 0.885 0.4 0.1 2.7 10 2.2 1.171 2.6 0 3.3 
Lower 
Incisors 32.27273 
Lower 
Cuspid 
3 0.2 0.173 0.1 0.1 0.4 4 1.4 2.214 0.5 0 4.7 
Lower 
Cuspid 14.28571 
Lower 
Bicuspid 
7 0.29 0.107 0.3 0.1 0.4 2 0.5 0.707 0.5 0 1 
Lower 
Bicuspid 58 
Molars 24 0.51 0.59 0.3 0 2.7 11 0.74 1.275 0 0 3.8 Molars 68.91892 
All Crown + 
Root Torque 
Teeth 
656 2.11 2.241 1.4 0 17.3 579 5.95 5.416 4.6 0 31 All 
35.46218 
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DISCUSSION  
Clear Aligner Therapy is without question the fastest growing segment in 
orthodontics, and likely one of the top in dentistry as well. Learning to utilize such a 
disruptive technology will be critical for any orthodontic practice to grow and survive. 
Learning to integrate removable orthodontic appliances will be a requirement for 
orthodontists that want to stay relevant to the contemporary market. As such, it is 
important to identify emerging orthodontic technologies that have potential to change the 
market. 
The new 3M ClarityTM Clear Aligner System might be one of those technologies 
with potential. Though the system is a work in progress, it is constantly improving due to 
artificially intelligent, machine-learning algorithmic software. The driving component in 
machine-learning is constant data analysis, which allows for refinement of complex 
analytical models. Compounded clinical trial analyses in turn, drive the refinement of the 
ClarityTM software, causing improvement of case schematics and accuracy of orthodontic 
movement. Each case is integrated with the software, and causes compensatory 
adjustments in treatment planning of future cases with similar orthodontic movement 
scenarios. Preliminary treatment data from this subset of 22 subjects of the clinical trials, 
suggests that accuracy for both individual movement values and movement types are not 
very different from other leading providers in the clear aligner industry.  
Percentages of observed movement in terms of planned movements help 
described actual movements attained, but are not sufficient for analyzation of significance 
due to the high variation, low integers, and lack of industry baselines for movement. No 
 23 
 
clear aligner on the market has attained an accuracy sufficient for precise treatment 
planning and movement.  
Data regarding movement accuracy for clear aligners has been studied over the 
past two decades- rendering the large majority of clear aligner studies obsolete due to age 
or product change. Furthermore, the majority of the data reported prior to 2010 has little 
impact on tooth movement relative to this study, as results were predominately analog 
instead of digital. A digital workflow has become a norm in academic orthodontia, and as 
such, is utilized by this study. One example of a DWF is the utilization of a digital 
impression, which entails a direct intraoral scan of the oral cavity to create a digital 
model, rather than physical impressions of teeth. A physical/analog impression entails a 
cast that is poured and trimmed from an impression, followed by a scan to create a digital 
reconstruction of the cast. Scans of physical impressions have many more steps that allow 
more potential for human error. It should not be a surprise that current studies have 
shown that digital impression are significantly more accurate than physical impression 
scans. A classic example of the inaccuracy of a physical impression is with alginate. If a 
model is made in alginate, and enough time passes prior to casting, the alginate shrinks, 
which causes a change in the dimensional size of the model. A dimensional change of the 
model causes an inaccurate representation of the actual malocclusion, so a clear aligner 
created from it causes orthodontic movement that does not properly resolve the 
malocclusion. There has been a dramatic shift within the past few years towards a 
completely DWF due to the simplicity, ease of use, and accuracy. Digital technology has 
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created alternatives to everything with software and 3D technologies such as digital 
impressions and 3D printers.  
Currently, there is a notable lack of standards for measuring the effectiveness of 
clear aligner therapy due to a plethora of complications. One such complication begins 
with simply the interpretation of raw data, which can be incredibly complex. Due to the 
driving principle of CAT, “calculated misfit”, aligner phase fits poorest on its first day of 
use. In the same line of thinking, and aligner phase fits best on its last day because it has 
already caused the tooth movement. When describing tooth movement during a single 
aligner phase, teeth move more logarithmically than linearly due to the principle of 
“calculated misfit”, and as such tend to be less useful at the end of each two week period. 
A resulting consequence of this phenomenon is that teeth achieve only 30-50% of their 
target movements. So when CAT tooth movement is described, it is never expected that 
teeth achieve their target movements. Tooth movement accuracy resembles more of a 
continuum, and there are many reasons why that is.  
For the purposes of this study, tooth movement was assessed through the best-fit 
overlay method. The best fit overlay method is defined as two digital 3D oral scans 
superimposed, allowing for accurate comparison and measurements. Whenever possible, 
arch overlays were aligned using terminal teeth that were virtually inert. The software 
employed by the ClarityTM System is capable of automatically aligning and 
superimposing arches accurately, however, it is occasionally susceptible to a 
“noise/artifact”. The “noise/artifact” warning of an overlay meant potential for an 
inaccurate overlay, however, it is easily fixed with a manual calibration.  Interpretation of 
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the best-fit overlay may be suspect to criticism, as it was not completely automated, and 
the computer’s interpretation may be different from an investigator’s.  
Interpretation of Observational Data 
Bodily movement of teeth 
Bodily movement of teeth was measured first, and was defined as the ability to 
resolve crowding or spacing within the dental arch. Bodily movement was exclusively 
measured from molar to molar, molars excluded, or 5+5 in the Palmer notation system. 
Both upper and lower teeth exhibited adequate control for overall tooth movement. The 
upper teeth performed better than the lower teeth by almost 15%, but both arches had 
adequate resolution of crowding and reduction of spaces between the teeth. The increased 
performance in likely due to torque control of the maxillary teeth, which might be 
associated with the increased surface area of maxillary teeth, meaning the plastic aligner 
is able to exert increased applied force to the teeth.  
Absolute Rotation 
The second kind of movement analyzed was absolute rotation, for the following 
teeth: upper central incisor, upper lateral incisor, upper cuspid, upper bicuspid, lower 
incisors, lower cuspid, lower bicuspid, molars. All incisors, whether maxillary or 
mandibular, had adequate rotational values. Lower cuspids performed adequately, while 
upper cuspids reached a lower actual rotation than expected. This is was to be expected, 
and most likely due to the contour of the upper canine, paired and the long length its root. 
Preliminary data suggests that lower premolars also struggled to efficiently manage larger 
rotations. The accuracy of the lower premolars can be partially attributed to the short 
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contoured shape of the crown, which would mean less force for rotation.  In the 
preliminary subset of this study, there were subjects that had larger rotations, which 
skewed the average performance of the molar rotations. Despite the molar rotation 
outliers, smaller rotations for the molars were predictable. Rotations larger than 10° 
struggled across subjects, implying that supplemental procedures would have been 
required- whether from larger attachments or modulation of oral physiology to make 
rotation easier.  
Absolute Mesial-Distal Tipping 
Absolute Mesial-Distal Tipping of the teeth was the third kind of movement 
examined, for the following teeth: upper central incisor, upper lateral incisor, upper 
cuspid, upper bicuspid, lower incisors, lower cuspid, lower bicuspid, molars. Preliminary 
data suggests that adequate mesial-distal tipping was illustrated for the maxillary incisors 
and molars. For maxillary canines and premolars, the subset suggests poor accuracy of 
mesial-distal tipping. When accuracy of mesial-distal tipping is examined in conjunction 
with rotational control, most of the same types of teeth struggled with accuracy across 
both groups. Given that the N value is small, and that only 44 teeth were observed for the 
upper and lower canines, it is reasonable to think that the same few teeth in specific cases 
that did not track well in rotation, also performed poorly with mesial-distal tipping. 
Alternatively, it is possible that certain cases required extremely large rotations and 
tipping that the aligners were not capable of, resulting in a lower percent accuracy. The 
lower teeth performed 13% and 18% better in the cuspids and bicuspids respectively. The 
increase in tipping control may be attributed to the obvious fact that the teeth may not be 
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nearly as tipped due to their smaller size. In addition, it is possible that the increased 
accuracy can be partially explained by the appliance design, which allows the plastic to 
extend beyond the CEJ causing the aligner to be stiffer, exerting more targeted force upon 
the teeth for tipping.  
Absolute Crown and Root Torque 
The fourth kind of movement observed is absolute crown and root torque, which 
is arguably the most difficult to interpret. Both crown torque and root torque are 
measured for the following teeth: upper central incisor, upper lateral incisor, upper 
cuspid, upper bicuspid, lower incisors, lower cuspid, lower bicuspid, molars. For the 
purposes of this discussion, crown torque will be defined as the ability to lean the 
physical crown in or out of the mouth. Root torque will be defined as the ability to flair or 
upright the roots within the alveolar housing. For the purposes of this discussion, there 
will also be an assumption that point of rotation regarding crown torque will be measured 
from the centroid. The centroid will be defined as a point in the root that lies directly 
below the cemanto-enamel junction. Preliminary data from this study suggests that the 
percent of crown torque in the molars was exceptionally high, which should not be 
surprising. Crown torque did not and should not have varied throughout the cases that 
were measured. Maxillary incisors appear to have performed poorly for crown torque but 
exceptionally well for root torque. This phenomenon is likely due to the fact that the 
crown torque values were small overall, which allowed for poor interpretation via the 
OCP “best-fit method”. The canines performed poorly for both crown and root torque, 
although the upper cuspids performed better than the lower cuspids in crown torque. 
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Given the shape of the canine, and fact that it has arguably the longest root of any tooth, 
suggests that the CAT may need additional augmentive procedures like larger 
attachments to increase the relative torque on canines. The bicuspid teeth exhibited 
unusual results. The upper premolars displayed adequate root torque, and poor crown 
torque. The lack of crown torque for the bicuspids could be interpreted as a necessity for 
increased time for the crown movement. Interestingly, the lower bicuspids were reversed 
where the crown torque was exceptionally good, but the root torque was mediocre. For 
the purposes of this study, cephalometric data was not used for measuring torque, and 
instead was estimated based on the position of the tooth. The lack of success in root 
control can be attributed in part to the methodology of how the root position is estimated. 
 Overall, the preliminary evidence from the clinical trials provide evidence to 
suggest that the ClarityTM Clear Aligner System is adequate for creating tooth movement 
to improve malocclusion. As one of the newest aligners on the market, it has room for 
improvement. Results from the study suggest that compensatory adjustments through the 
algorithm will be necessary for improvement of accuracy. Furthermore, additional 
modifications may be required to enhance performance for some of the more difficult 
movements. 
Additional Methods of Increasing Movement Efficiency 
Augmentative modifications to enhance performance come in the form of 
physical manipulation, and physiological manipulations. The most widely used physical 
modification for CAT is adhering attachments on the teeth, which enhance tooth 
movement through increased torque. Attachment design involves a positive outcropping 
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off the dental surface using a premade device designed through the software. Material, 
shape, size, and adhesion all present excellent avenues of improvement for attachments 
that would assist CAT. An additional method to improve tooth movement efficiency 
could be alteration or development of the thermoplastic that is used for the tray. 
Advances in laminating are now making it possible to layer different performance 
characteristics into different types of plastics. In the future, a subject could begin with 
aligners with elastic properties, which would excel at rotations. Once rotations are 
resolved, a more rigid plastic could be used for higher torque, and thus more arch 
expansion and/or space closure. The possibilities are limitless for improvement of the 
aligner. Another alternative route of increasing movement efficiency is through hybrid 
care, when cases are physically bonded in temporary comprehensive orthodontic 
appliances. Fixed mechanics utilizing thermo-active nitinol arch wires can quickly alter a 
bite and reduce significant issues such as severe rotations, extraction space closure, 
crossbite, etc. An example would be if teeth are flared excessively, round wire mechanics 
may be initially deployed for additional leverage necessary to tip the teeth quickly. After 
temporary fixed mechanics, CAT could be used to finish a case fast and efficiently. A 
similar method for increasing tooth movement would be to use intraoral or extraoral 
anchorage.  Previously, cervical headgear would have been used to prevent maxillary 
molars from drifting forward. Public misconception of headgear aesthetics has caused 
anchorage to fall out of favor. A modern alternative for anchorage could be a temporary 
anchorage device, or a screw. Temporary anchorage devices are trans-epithelial screws 
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which create an anchorage point to push/pull from, and when used with elastics, 
efficiently increase torque and expedite tooth movement.  
The alternative supplemental method for expediting tooth movement with CAT is 
the modulation of physiology.  Modification of the surrounding environment of the teeth 
allows them to move faster orthodontically. There are noninvasive and invasive ways to 
modulate oral physiology. One simple noninvasive method is the usage of cyclic 
piezoelectric induction of force, or a soft pulsatile vibration appliance. Another non-
invasive method includes usage of a low intensity near infra-red light to facilitate 
orthodontic tooth movement. Both of these concepts have large amounts of data which 
conclude that usage of these devices is shown to reduce treatment time and mitigate tooth 
movement discomfort. Both devices function by reducing the time required for alveolar 
boney histogenesis.   
 For invasive facilitation of tooth movement, there are two different methods to 
soften the bone. The first, and less invasive, is the usage of micro-osteo perforations via a 
transmucosal procedure, which punctures the gingiva and damages the alveolar complex 
around the teeth that need additional movement. The procedure is relatively simple, and 
functions by purposefully increasing inflammation around the teeth, which allows them 
to move easier. The second and much more invasive option is to do a procedure which 
entails full osseous flaps and decortication of the bone surrounding the teeth. Following 
decortication, decalcified and demineralized freeze dried cadaver bone is grafted to 
increase bone growth in the treated site. Post-procedure, the healing bone is considerably 
softer, for the facilitation of bone growth. This process is referred to as the regional 
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acceleration phenomenon, or Wilckodontics, and was first described by the Wilcko 
brothers in literature 20 years ago. 
 There is a plethora of supplemental options for expediting tooth movement, which 
transforms poor orthodontic appliances, CAT in comparison to braces, perform better.  
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